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Origin story of jet
S u bStru Ctu re Jesse Thaler in 2011

High Mass
t Quark/Gluon Jet

g/q

Boosted
Hadronic Top

Started with the goal of identifying boosted decay versus standard QCD
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Origin story of jet

substructure
Jesse Thaler in 2011
High Mass e
Quark/Gluon Jet
Pz /K>

Transitioned to studies of fundamental QCD (parton showers)

and non-perturbative processes (hadronization)
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Grooming criterion .-
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JHEP 05 (2014) 146 R SN

* Require subjet momentum fraction to pass the following

criterion o
min(pT,l,pT,z) Zeur = Y-
Z, = > Zew(Ry/R;) 5= 0
Pry+Prp
e With the two surviving branches (first hard split) - we have R
two observables that characterize a jet’s substructure g g
2
1
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SoftDrop distributions in pp
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ALICE Prellmmary
pp Ys=7TeV

Anti-k; charged jets. R =0.4
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SoftDrop Z..=015=0
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 Qverall good agreement with MC

e Track based observables come
with better precision



SoftDrop

Extending the o
procedure - >

e We can implement the SoftDrop procedure
throughout the CA tree -

* Follow the hardest branch - lterative SoftDrop
* Following all branches - Recursive SoftDrop  H¢p, Zg, Rg

1
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Phase space of jet evolutions
Lund Diagrams

Andersson, Gustafson, Lénnblad, Pettersson Z.Phys.C (1989)
Andersson, Gustafson, Sa

muelsson NPB (1996) — o .
b1 kt = < pT,parent AR
A
l£,3  Ink)
A P /

\ tf,2

log k, [GeV]

soft, large angle radia}ion

<Z:In(1/AR) arXiv:1808.03689 =%

* Builds a 2D picture of jet showers
logl/6 e Primary Lund plane refers to following

g the hardest branch sequentially

* Different axis representations:

In(kT), In(zO), In(1/2)
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Phase space of jet evolutions
Lund Diagrams

PYTHIA 8

derss t
ndersson, Gustafson, Samuelsson NPB (1996) c |
te,1 ol Pri>200 GeV/c, anti-k; R=0.4 | o,
k — Z . p . A R | Cambridge-Aachen Declustering 1
t T,parent i3 : IR
A ° / L i

\ tf,2
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on, Gustafson, Lénnblad, Pettersson Z.Phys.C (1989) N F J'
‘ 0.3

log k, [GeV]

-10
0 05 1 15 2 25 3 35 4 45 5
In(1/6)

wei/e ® Vacuum jet shower for R=0.4 jets
Twoni U 0= AR or R, ‘“" (note lower end of x-axis cutoff)
e Effect of hadronization shown as

low momentum and across all 8
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Jets fill up the emission space!



Recent measurements of Lund Plane
and their projections at the LHC

ATLAS, Phys. Rev. Lett. 124, 222002 (2020)

ATLAS Vs=13TeV, 139 1b", p, > 675 GeV N 1.8110 ‘Data N 'A'T,_'As" S _E
| 1 - ,\T 1.6 ™ PvyTHA8.230 Vs=13TeV, 139fb" 3
E gg 14E- O PowHec+PyTHIA8.230 p_ >675GeV =
g 80 1 oE_ 4 Seerea2.2.5 (AHADIC) 0.67 < In(RIAR) < 1.00_3
. c ZGE) \y '1 7/ SHerpa2.2.5 (String) 3
g < N g = 4+ Herwic7.1.3 (Ang. ord.) 3
10 ° = 08E & Heawc7.1.3 (Dipole) =
+ & S 08 . g!?ii.é
~ - _2 L =
g = ’20.2$ggggu-l" =
E :l l llllllll l 1 1 1 1 l 1 1 1 1 l 1 1 1 l:
(D l‘ —~ — _I_ I 1 1 1 I I T T 1 T I 1 1 T |l I T I |l T I 1 T T I__.
Y N . o 14E i -
-~ T Ss'2 . ERRLLYY-

: £ 88 mETT i we et

7] =
Sl [ & ] =l e Y P -
rﬂ: o 0.5/ Total Syst. - - MC Modeling - - Experimental h
2] =L .
o > [ - Pile-Up - Unfolding - Stat. ]
2 oZ | -
= @© pr— s —
A B Opisiscsimim e edaigidn-na S R ST ST sEE
g2 ]
D -I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
0O 05 1 15 2 25 3 35 4 1 > 3 4 5
In(R/AR) In(1/2)
Loy ! L1 [ . b ,
107 10 10~ 107
AR = AR(emiSSion, Core) Z= pt;_mission / (pe;_mission + p(;_ore)

 Each split along the harder branch makes an entry here in the
2D Lund plane

e Comparison with particle level MC w/ varied shower/
hadronization models showcase differences
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Recent measurements of Lund Plane
and their projections at the LHC
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 Lower pt jets at ALICE (20 - 120 GeV) also show interesting
differences for large kr splits

 Lund plane integrates over splits - can we measure the
evolution of these observables along the jet shower?
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Jets and their substructure
A journey from

LHC — RHIC — EIC

* Almost all measurements have overall good agreement with MC
* [rack based observables come with better precision

* Precision helps in the differential comparisons across the Lund
plane w/ varied shower/hadronization models showcase
differences

e Lower prjets at ALICE (20 - 120 GeV) also show interesting
differences for large kt splits
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Jets in pp \ﬁ = 200 GeV

Inclusive jet cross section
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jet pr, GeV/c

Unique population of jets with varied substructure!
Scales extend from jet pr = Agcp
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Comparing STAR vs ALEPH

* Z4is reasonable but very E —Tr
interesting differences in the Rq - t E .
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Comparing STAR vs ALEPH

* Z4is reasonable but very E —Tr
interesting differences in the Rq - = .
61 E o - )
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- 24 . - 4 .
- TS |
R T 25<p_ <30 GeV/c | ]
L1147.1. .1I.,l llll - 4
S ._.'.|..-|..i"'i :
O Tr-[iret '
= 0.8} . . | 3
01 02 03 04 05 01 02 03 04

These jets in pp collisions have a (M) =~ 3 GeV/c? plus there’s hadronic component!
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## < prio < ## [GeVIc]

Perturbative

Hard large-angle
Parton Shower

Non- Soft collinear Soft large-angle
Perturbative | \QELRELICHIFEIT, radiation

0.1

/ / / )4
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Correlation between the splitting scales

z, for various R, at py ;. range

Non- N°’1 O: ¥ 0=R;<0.15 STAR Preliminary -
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i x i
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e Significant variation from selecting on Rg

 Evolution from soft-wide angle splits to hard-collinear splits
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Evolution vs. p+

z, for various R, and py
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Jjet

Increasing jet pr

has a small to mild
effect on
substructure

Selection on Rg

determines the Z

shape - high degree
of correlation

Phase space
restrictions matter!



Evolution of the splittings

1st, 2nd, 3rd splits for various p
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Evolution of the splittings

1st, 2nd, 3rd splits for various PT initiator
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Comparisons with leading order
MC - R, for various initiator p

1 g() < PTinitiator < 30 [GeV/c] 30 < Prinitiator < 30 [GeV/c]
I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1 -

Anti-kR°= 0.4 jets 3 STAR Preliminary

PYTHIA 6 (STAR) Sys. Uncert. -

- = = = PYTHIA 8 (Monash) ¥ First Split E

"""" HERWIG 7 (EEAC) ¥ Second Split 4

X Third Split 3

-

1/N dN/dR,

e Three MC (PYTHIA 6, PYTHIA 8, HERWIG 7) models describe the overall trend of narrowing
of jet substructure for higher splits

* Availability of emission phase space depends on both jet momenta and split # - similar peaks
of Rg for third splits on the left to second splits on the right
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How to experimentally measure
thefonnaﬁontkne;}

ake any two objects - in this case :
any It min(pr ;, Pro)
the first two surviving prongs after 7 =
SoftDrop grooming Pri1 1+ Pro
Dasgupta et al. Larkowski, et al. ’ ’
JHEP 09 (2013) 029  JHEP 05 (2014) 146
——9,
0(0.00) (131.08]02.77194% o) = 4(0.60)‘ (12.66,10.43,0.20,21) ‘
: (50.69.42.9-,&!@9@%
(4.17,3.72.0.04.21) N ‘
1 (39.65,31 M LN())‘
1(2.50, ‘
Tf — > [fm/ C ] ®
z-(1=-2)-0--FE 0 = AR(1,2)
Apolinario et al. _
Eur. Phys. J. C 81 (2021) 6, 561 Chien et. al. 2109.15318
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https://link.springer.com/article/10.1140/epjc/s10052-021-09346-8
https://arxiv.org/pdf/2109.15318.pdf

Formatlon time vs jet mass

Ma/umder and Putschke, PRC 2016

=

Anti-kt R = 0.4 Jets
20 < pr < 30 GeV/c

=~Virtuality

IVlParton
- - N
o (9] o

First Split In(z,) [fm/c]

PYTHIA 6 STAR tune

1 2 3 4 5 6 7 8 9 10
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ldentifying two regimes

e SoftDrop e | eading and

first split 7 subleading
ch-particle 7,

Expectations:

e happen early in time
with the expectation
that first splits
correspond to
partonic splits

e Mostly perturbative
in nature

Expectations:

e Occur later in time
since its calculated
using charged
particles which
occur at the end

e Mostly non-
perturbative
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STAR Phys. Lett. B 811, 135846 (2020)
STAR Phys. Rev. D 104, 052007 (2021)
Kang, Lee, Liu, Neill and Ringer, JHEP (2020)

e SoftDrop

7_ _ 4'52_ p+p Vs =200 GeV ‘
u u _¥ _ ‘E anti-k, Jets, f/*'1+R<1.0 E
first split Tf T LNt I (O S
%Q F R=0.6 E %§ 2,5:_ Groomed Jet _
§§ 3_ X 30 < P, jet<40 GeV/c _ Z.‘i 2_ X Y Radius _
2;_ * ™ .. ; 15:: X . x . E
ExpeCtationS: 1_ Phys.Lett.B 811 (2020) 135846 T 0-5?‘Phys.Lett.Bl 811 (2020) 135846 ¥ X —
° happen early in time 0.1 0.2 0.3 0.4 Zg 0 0.2 0.4 O.GRg
with the expectation _
that first splits * NLL calculations 1 G dJetM ]
- i roome e ass ]
correspond to (w/0 non- S o ¥STAR data ]
partonic splits perturb.atlve g A DZ:'Q e
e Mostly perturbative corrections) S0 D ;
in nature matches dataat > »
. = o005 X
large jet R o | 1
4 high S issounJOTIE
an g pT 2 4 6 " ?GeV/cZ]
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What do these distributions look like in PYTHIA?

L 10 — | | | | | L I | | I | L I | I | | | &::
(&) - . . , —
= —  Apolinario, RKE, Madureira, =
= o in preparation _
" (in prep ) —— 1" Soft-drop emission

8§ 1E =

% S - —— Leading particles =
0 — —
| 9O
< 10 =
1072 = =
- PYTHIA 8.235 E
B 20 < Pr et <40 GeV/c |
107 Re-cluster: C/A =
- p+p Vs = 200 GeV -
1 | | 1 L1 11 I | | | | L1 11 I
10—4 | 1 I S O I |
107 1 10 102
Teorm LFM/C]

* As expected we see a significant shift between the two distributions

* Charged particles generally have a formation time much larger than
the first splits

RKE, CENS Jet RHIC/LHC to EIC Workshop o5



Connecting the two regimes

e SoftDrop first * SoftDrop split e |Leading and
split 7, (varying z.,,) subleading

resolving the two ch-particle ¢
leading charged /

particles

RKE, CENS Jet RHIC/LHC to EIC Workshop
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Formation times across various
regimes within the jet shower

T, [fm/c]
* First measurements of formation 07— ';5""'1'0 ——
. . . N s= o TAR Preliminary _
time from the jet splitting trees and 0o e oo -
from charged particles in the jet T [ antik; R=04 Jets, i <06 .
= 0.5— [ ] SD 1* split , i
=, B X x Split ch-particles resolved
= a4l ¥ | Ch-particles T, ]
e Resolved SD splits show similar o .
shape as the charged particle split S 03 N X -
at large 7, values occurring in the oz [y N\, -
. : X ¥
predominantly non-perturbative A %, ¥
region o Pl T
< F ¥ ¥ 20<p_ <30[GeV/c]
: . . § S f"*"* """"" PENTES S e
e Comparison of the different splits o f A S
: : " ©, ,
highlights the transition from pQCD TP -2 " n(r) fimic] 2 4
to npQCD RKE (for STAR) pdf

Jets and 3D Imaging at the EIC Workshop
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https://drive.google.com/file/d/1mPtBlT0-dyiRAmlVG9vuAViJt0BTdEHR/view

Jets and their substructure
A journey from

LHC — RHIC — EIC

e Unique population of jets with varied substructure!
Scales extend from jet pr = Agcp

o Splitting ‘7z’ becomes flat and the Rg quite narrow for the third
split where we observe collinear emissions

e Resolved SD splits show similar shape as the charged
particle split at large Ty values occurring in the predominantly

non-perturbative region

RKE, CENS Jet RHIC/LHC to EIC Workshop 28



Measuring the parton shower

Studies of CNM and initial state vs resolution scale and 7;

S
Naw
P"C—

With splitting/dijet energies
roughly 5-30 GeV, we can
study resolutions O(1-5) fm!

Enabling differential
measurements of similar
kinematics but varying
shower topology!

RKE, CENS Jet RHIC/LHC to EIC Workshop
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Effect of Parton Showers

PYTHIA 8.301
First Split Second Split Third Split
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e At parton level, variations between shower models
* 745 shape becomes flatter as we move along the shower
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Jets and their substructure
A journey from

LHC — RHIC — EIC

 Ongoing quantifications of novel substructure techniques
to map the jet evolution

 EIC will provide a cleaner environment and energy scale
selection (re: STAR vs ALEPH) leading to precision
mapping of the emission phase-space

e |ead to discovery physics about non-perturbative effects
and hadronization within jets

RKE, CENS Jet RHIC/LHC to EIC Workshop 31
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[no hadronization here - would smear correlation]
* Part of a broader class of angularity observables Kang, Lee and Ringer, JHEP 2018
e Sensitive to partonic dynamics i.e. virtuality Majumder and Putschke, PRC 2016

* Governs essentially the energy spread within a jet - ability to study differential
properties of jets ATLAS-CONF-2018-014 ALICE, PLB 2018 CMS, JHEP 2018



Evolution of jet mass

STAR Phys. Rev. D 104, 052007 (2021)
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Where do we go from here?

Studying the plateau
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e Selection on the resolved formation time essentially sculpts the jet
mass and opening angles

e Reproduce correlation between later times and smaller masses
(virtuality) and narrower opening angles - Important handle on particle
production and hadronization
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Where do we go from here?

Time resolved QGP tomography
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Eur. Phys. J. C 81 (2021) 6, 561


https://link.springer.com/article/10.1140/epjc/s10052-021-09346-8
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Where do we go from here?

Extending the charge-correlations in formation time
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e Significant split in the formation times for 3rd particle to be opposite
sign - quantitative categorizing of charge conservation in jets vs time

e Emerging as a new avenue thats complementary to jet substructure
focused on understanding hadronization mechanisms
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Where do we go from here?

Energy-Energy Correlators in Heavy lons

Energy-Energy Correlator pr > 0.5 GeV/c
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* Energy correlators highlight impact of varying ‘“Temperature’ on the jet shower

Measurements ongoing at STAR
in pp and AuAu Collisions



